Abstract The generation of reactive oxygen species causes cellular oxidative damage, and has been implicated in the etiology of Alzheimer's disease (AD). L-NNNBP, a new chiral pyrrolyl α-nitronyl nitroxide radical synthesized in our department, shows potential antioxidant effects. The purpose of this study was to investigate the protective effects of L-NNNBP on β-amyloid (Aβ) deposition and memory deficits in an AD model of APP/PS1 mice. In cultured cortical neurons, L-NNNBP acted as an antioxidant by quenching reactive oxygen species, inhibiting lipid peroxidation, nitrosative stress, and stimulating cellular antioxidant defenses. L-NNNBP inhibited cell apoptosis induced by Aβ exposure. In vivo treatment with L-NNNBP for 1 month induced a marked decrease in brain Aβ deposition and tau phosphorylation in the blinded study on APP/PS1 transgenic mice (1 mM in drinking water, initiated when the mice were 6 months old). The L-NNNBP-treated APP/PS1 mice showed decreased astrocyte activation and improved spatial learning and memory compared with the vehicle-treated APP/PS1 mice. These actions were more potent compared with that of curcumin, a natural product, and TEM-PO, a nitroxide radical, which are used as free radical scavengers in clinics. These results proved that the newly synthesized L-NNNBP was an effective therapeutic agent for the prevention and treatment of AD.
Introduction
Alzheimer's disease (AD), an age-related neurodegenerative disorder, is the most common form of dementia. AD is characterized by the deposition of β-amyloid (Aβ) plaques, intracellular neurofibrillary tangles, loss of neurons in the brain, progressive decline of memory and cognitive functions, and behavioral and personality changes [1] [2] [3] . In the pathogenesis and progression of AD, aging is the most critical risk factor. Moreover, oxidative stress has an important function in the early stages of AD [4, 5] . Reactive oxygen species (ROS)-mediated pathways are involved in AD development [6] . These findings have led to the development of neuroprotective strategies to prevent oxidative damage.
Several natural and synthetic compounds with potent antioxidant properties, such as spices, green tea, resveratrol, vitamins, Idebenone, and MitoQ, are therapeutic agents for AD [7, 8] . Curcumin is a major natural active component of the food flavoring turmeric (Curcuma longa); it has several times more potent antioxidation effects than vitamin E [9] . However, there is no difference between the curcumin-treated group and placebo group based on assessment of cognition, levels of isoprostanes, and Aβ levels [10] . MitoQ, a synthetic ubiquinone derivative, is a mitochondria-targeted antioxidant with a higher potential antioxidant effect. However, it did not show any improvement in patients with Parkinson's disease in a clinical trial [11] . For most antioxidant drugs, beneficial effects have been reported in cell cultures, and partially, in animal models. However, success in human clinical trials is much less frequent.
Nitroxide radicals (NRs) are stable free radicals stabilized by the delocalization of the unpaired electron over the N-O bond [12] . The TEMPO and α-nitronyl (NIT) groups are the two major kinds of NRs that have been most studied in the past two decades (Fig. 1A) . Unlike other antioxidants that act in a sacrificial mode, NRs can provide protection in a catalytic manner (Fig. 1B) . Through the continuous exchange between these forms NRs act as self-replenishing antioxidants that degrade superoxide and peroxide. Therefore, as a unique class of antioxidants, NRs have been exploited for many research and therapeutic applications, including protection against ionizing radiation [13] , ischemia/reperfusion injury [14] , and neurodegenerative diseases [15, 16] . Some applications of NRs have achieved good effects in clinical trials. For example, amifostine, a NR which is the first Food and Drugs Administrationapproved radioprotective drug, is being used in clinical practice [17] . Tempol (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl), a kind of TEMPO group NR, is found to be safe and well tolerated as a topical application to the scalp before brain radiation in a Phase I study. A Phase II study on tempol is underway [18] .
Compared with the TEMPO group, NIT group NRs have an extensive distribution of unpaired spin density (Fig. 1A) . Moreover, Rey [19] posited that the effects of the structural, magnetic, and optical properties, as well as the further biological effects of chiral NRs, can be changed after the introduction of the chiral center as close as possible to the oxyl group carrying most of the unpaired spin density. Thus, we synthesized a new chiral NR, L-N-p-nitrobenzoylpyrrolidinyl(4,5-dihydro-4,4,5,5-tetramethyl-3-oxido-1H-imidazol-3-ium-1-oxyl-2-yl), (L-NNNBP, Fig. 1C ) in our previous study.
In the present study we evaluated the effects of L-NNNBP on free radical scavenging in vitro and on neurodegenerative pathology and memory deficits in amyloid precursor protein (APP) and presenilin 1 (APP/PS1) double-transgenic mice, a well established AD mouse model [20] . Treatment with L-NNNBP for 4 weeks effectively reduced Aβ accumulation and tau hyperphosphorylation compared with the current free radical scavengers used in clinics, namely curcumin and tempol (TEMPO group achirality NRs).
Materials and Methods

Reagents
Cumine hydroperoxide (CHP), lucigenin, xanthine oxidase, and xanthine were purchased from Sigma Chemical Co. (St. Louis, MO). Thiobarbituric acid was obtained from Merck (Darmstadt). Other chemicals and reagents were from Sigma unless mentioned. All of the chemicals and reagents used were commercially available and of standard biochemical quality.
Superoxide Anion Radical-Scavenging Activity Xanthine oxidase and xanthine-induced lucigenin chemiluminescence measurements were carried out as described previously [21] . The reaction mixture was composed of 100 μl of 100 μM xanthine, 50 μl of 800 μM lucigenin (both in a 50 mM sodium carbonate buffer at pH 10.5), 25 μl of the drugs dissolved in distilled water, and 25 μl of 8 mU/ml xanthine oxidase in 2 M ammonium sulfate-containing 1 mM EDTA. The vehicle control contained only distilled water. The chemiluminescence (RLU/min) intensity was recorded for 10 min in a 96-well plate. The areas under the curve were calculated for comparison of drug effects. 
Preparations of Liver Microsomes
Mouse liver microsomes were prepared by standard differential centrifugation techniques, as described by Satav and Katyare [22] . Briefly, mice were killed by ether anesthesia. The livers were removed quickly, washed with ice-cold saline, and weighed. One gram of liver tissue was homogenized with 4 ml of ice-cold 0.1 M Tris-HCl buffer (pH7.4) containing 0.25 M sucrose. The homogenate was centrifuged at 14,000×g for 30 min. The supernatant was collected and centrifuged at 165,000×g for 60 min. The resultant microsomes were washed with 0.1 M Tris-HCl buffer (pH 7.4) and stored at -80°C. All procedures were carried out at 0-4°C. The microsomes were suspended in 0.1 M Tris-HCl buffer (pH7.4) when used in the experiments. The Fourth Military Medical University Animal Care and Use Committee approved the animal protocols.
CHP-Induced Lipid Peroxidation
The microsomes (2 mg microsomal protein/ml) were preincubated with (I) or (I 0 ) in 0.1 M Tris-HCl buffer (pH7.4). Lipid peroxidation was initiated by CHP (1 mM) and the samples were incubated at 37°C for 15 min. Trichloroacetic acid (10 %, w/v) was used to stop the reaction. The thiobarbituric acid reactive substances were determined as described [23] . The inhibitory effect on CHP-induced lipid peroxidation was calculated as follows: (%) inhibition ratio0(I 0 -I)/I 0 ×100. F2-isoprostanes (non-enzymatic oxidation of arachidonic acid) are considered as markers of oxidative stress [24] . F2-isoprostanes were determined with an immunoassay kit (Cayman, Ann Arbor, MI) according to the manufacturer's instructions [25] .
Primary Cortical Neuronal Culture and Aβ 1-42 Treatment
The experiments were performed on C57BL/6 J mice (embryonic, 18-days-old of both genders). Cultured prefrontal cortex neurons were prepared as described previously [26] . Briefly, the prefrontal cortex was dissected, minced, and trypsinized for 15 min using 0.125 % trypsin (Invitrogen, Carlsbad, CA). The cells were seeded onto either 24-well plates containing glass coverslips (Fisher Scientific, Pittsburgh, PA), 100-mm dishes, or 96-well plates precoated with 50 μg/ml poly-D-lysine (Sigma) in water and grown in Neurobasal-A medium (Invitrogen) supplemented with B27 and 2 mM GlutaMax (Invitrogen). In the B27/Neurobasal medium, glial growth was reduced to <0.5 % of the nearly pure neuronal population, as assessed using immunocytochemistry for glial fibrillary acidic protein and neuron specific enolase [27] . The cultures were incubated at 37°C in 95 % air/5 % carbon dioxide with 95 % humidity. The cultures were used for experiments on the 10th day in vitro. The cultures were incubated at 37°C in 95 % air/5 % carbon dioxide with 95 % humidity. Cultures were used for experiments on the 10th day in vitro. Aliquots of Aβ were prepared at a concentration of 1 mM in phosphate buffer saline (PBS; 0.1 M) and incubated for 5 days at 37°C. On the test day, PBS was added to the solution to reach the final concentration. The neurons were rinsed briefly with PBS and then pretreated with 10 μM Curcumin, Tempol and L-NNNBP for 24 h, respectively, followed by exposure to 25 μM of Aβ 1-42 for 12 h in the same medium. Afterward, cells were washed 3 times and returned to the original culture medium for 24 h.
Cell Viability Assay
Cell viability was determined by cell counting kit-8 (CCK-8) to count living cells by combining WST-8 [2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium] and 1-methoxy phenazine methosulfate [28] . Briefly, cells were seeded on a 96-well plate at a concentration of 10 5 cells per well. After treatment, 1 μM WT/GFX or dimethylsulfoxide for another 1 h and 10 μl of CCK-8 reagent was added and incubated for further 2 h. The absorbance was measured at 450 nm using a microplate reader. The data were obtained from 5 independent experiments.
Measurement of Apoptotic Cells by the Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling Assay
To identify apoptotic neurons, terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays using an in situ cell death detection kit (Roche Diagnostics, Mannheim) were performed according to the manufacturer's instructions, followed by counterstaining with 0.1 μg/ml 4′-6-diamidino-2-phenylindole. The number of TUNELpositive cells was counted in 10 randomized fields under a fluorescent microscope.
Immunofluorescence Labeling
Cells on coverslips were fixed with 4 % paraformaldehyde for 20 min at room temperature. The cells were then rinsed in PBS, followed by incubation with primary rabbit monoclonal anti-cleaved caspase-3 (1:300; Cell Signaling Technology, Danvers, MA) and mouse monoclonal anti-Tuj (1:500, 1:500, Sigma), containing 1 % bovine serum albumin in PBS containing 0.1 % Triton X-100 (PBST) overnight at 4°C. Cultures were then washed in PBS, incubated with Cy3 or fluorescein isothiocyanate-conjugated goat anti-rabbit/mouse IgG secondary antibodies in PBST containing 5 % goat serum for 1 h at 37°C (1:200; nvitrogen).
Finally, the cultures were cover-slipped with antifade gel/mount aqueous mounting media (SouthernBiotech, Birmingham, AL) supplemented with 4′-6-diamidino-2-phenylindole nuclear dye (Sigma). All control cultures were incubated in PBS without primary antibodies.
Transgenic Mice and Drug Treatments
Male APP/PS1 double-transgenic mice used in this study were obtained from Model Animal Research Center of Nanjing University [strain name, B6C3-Tg (APPswe, PSEN1dE9)85Dbo/NJU]. These mice express a chimeric mouse/human APP containing the K595N/M596L Swedish mutations and a mutant human PS1 carrying the exon 9-deleted variant under the control of mouse prion promoter elements, directing transgene expression predominantly to central nervous system neurons [29] . Age-and gendermatched wild type littermates were used as controls for all experiments with APP/PS1 mutant mice. All animals were kept on a 12 h light/dark cycle, with a regular feeding and cage cleaning schedule. The animals were randomized for therapy trials and coded, and the operators and data analyzer remained double-blinded to which treatment they received until the code was broken at the completion of data collection. Male mice were treated with curcumin, tempol or L-NNNBP (1 mM in drinking water). The average daily drinking water of an adult mouse is 4-7 ml, and the molecular weight of L-NNNBP is 478.2. The LD50 of L-NNNBP in mice is 2128 mg/kg. Thus, the dose of L-NNNBP for mouse in present study was 55-100 mg/kg, which is about 5 % of the LD50. Treatment was started when the mice were 6 months old and was continued for 1 month. The use of 6-month-old APP/PS1 mice is based on previous reports demonstrating that these mice begin to have Aβ plaques as early as 2.5 months, and have a high Aβ load in hippocampal and cortical subareas from 6 months of age [20, 30] . The Fourth Military Medical University Animal Care and Use Committee approved the animal protocols.
Immunohistochemistry
After the behavioral studies, animals were anesthetized with an intraperitoneal injection of chloral hydrate (160 mg/kg) and perfused, first with PBS and then with 4 % paraformaldehyde in PBS. The brains were dehydrated in three steps of 2 h-long intervals in 70 %, 96 %, and 99 % ethanol solutions respectively. The brains were then left in xylene overnight before being embedded in paraffin. Paraffin blocks were sectioned horizontally with a microtome setting of 6 μm or 50 μm. The sections were floated in a warm water bath and mounted on SuperFrost-Plus (Menzel-Glazer, Braunschweig, Germany) glass slides. With a section interval of 12, 1 series of sections was collected in a systematic random manner from each animal. Each series contained 14-16 sections. Sections were kept overnight at 37°C and then stored at room temperature until staining. Immunohistochemical procedures were performed using coronal sections as described above. Paraffinembedded brain sections were deparaffined, rehydrated, and endogenous peroxidase quenched with hydrogen peroxide [1 % (v/v) in methanol], and microwaved for 5 min (with 650 W) in citrate buffer (10 mM sodium citrate, pH6). They were then incubated for 60 min in blocking buffer [10 % (v/v) goat normal serum (Bioscience Research Reagents, Temecula, CA) in PBS containing 0.1 % (v/v) Triton X-100 (Sigma)] and subsequently in appropriately diluted primary antibodies (overnight at 4°C). After rinsing, the primary antibody was developed by incubating with cyanine3 (Cy3)-or fluorescein isothiocyanate-conjugated secondary antibodies against the corresponding species (1 h at room temperature) or by incubating with biotinylated secondary antibodies against the corresponding species (1 h at room temperature). This was followed by 3,3′-diaminobenzidine (DAB) (Vector Laboratories, Burlingame, CA), according to the instructions of the manufacturer for peroxidase labeling. The astrocytes were stained with a rabbit polyclonal glial fibrillary acidic protein (GFAP) antibody (Abcam, Cambridge, MA).
Histology and Quantification of Amyloid Deposition
The rat brain sections were stained with Congo red solution to identify the Aβ plaques. A commercially available Congo Red kit (Sigma) was used after the sections were counterstained with Mayer's hematoxylin solution according to the manufacturer's protocol. Aβ plaques were detected using the Image-Pro Plus (Media Cybernetics, Silver Spring, MD) software to analyze the percentage area occupied by positive stain. Images with a field size of 600,000 μm 2 were collected using the 10× objective on an Olympus Optical microscope. One frontal cortical region and t3 hippocampal regions were analyzed to ensure that there was no regional bias in the hippocampal values.
Quantification of 3-Nitrotyrosine by Enzyme-Linked Immunosorbent Assay
The culture neurons and hippocampal tissues were normalized via bicinchoninic acid protein assay to generate homogenates. 3-Nitrotyrosine (3-NT) measurements were performed in the supernatants as described [31] . Samples and standards were incubated in microtiter wells coated with antibodies recognizing protein-bound and free 3-NT (Cell Sciences, Norwood, MA). Biotynilated second antibody, then streptavidineperoxidase conjugate and tetramethylbenzidine were added to the wells. The enzyme reaction was stopped by addition of citric acid and the absorbance at 450 nm was measured using a plate reader (Molecular Devices, Sunnyvale, CA).
Detection of Mitochondrial Membrane Potential
Mitochondrial membrane potential (Δψ m ) in the culture neurons was detected as described previously [32] . The cationic fluorescent probe tetramethylrhodamine methyl ester (TMRM) accumulates in mitochondria because of the high membrane potential across the inner mitochondrial membrane. 
Western Blot Analysis
Western blot analysis was performed as described previously [26] . Equal amounts of protein (50 μg/lane) from the cultures were separated and electrotransferred onto polyvinylidene fluoride membranes (Invitrogen), which were incubated with rabbit polyclonal anti-tau (1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-p-Tau (Ser235) (1:1000; Santa Cruz Biotechnology), rabbit polyclonal antip-Tau (Thr205) (1:1000; Santa Cruz Biotechnology), and mouse monoclonal anti-β-actin (1:4000; Sigma) as an internal control. The membranes were incubated with horseradish peroxidase-conjugated anti-rabbit or mouse IgG antibodies, and the bands were scanned with GS800 Densitometer Scanner (Bio-Rad, Hercules, CA) and optical density analyzed by Quantity One software (Bio-Rad). After treatment for 1 month, spatial learning and memory were evaluated by the Morris water maze test. The Morris water maze is a circular and galvanized water tank (120 cm diameter×50 cm height) filled to a depth of 25 cm with water. The surface area of the tank was divided into 4 equal quadrants. The water was made opaque by the addition of milk powder, and its temperature was adjusted to 24±1°C. An escape platform (10 cm diameter) was placed in 1 of the 4 maze quadrants submerged 2 cm below the water surface (30 cm away from the side wall). The platform was kept at the same (target) quadrant during the entire course of the experiment. The mice were required to find the hidden platform using only distal spatial cues available in the testing room. Conditions were constant throughout the experiments. The mice were released gently into the water, always facing the tank wall. A different starting position was used on each trial. They were given 120 s to find the platform. On reaching the platform, the mice were allowed to remain on it for 10 s. They were taken out, dried, and placed in a separate cage for 60 min before the next trial. If a mouse failed to locate the platform within 120 s, it was assisted by the experimenter and allowed to stay there for the same period of time (10 s). Between the trials, the water was stirred to erase olfactory traces of previous swim patterns. The animals were trained for four trials per day for 5 consecutive days to locate and escape onto the platform, and their spatial learning scores (latency in seconds) were recorded. To assess memory consolidation, a probe trial was performed on days 8 and 9 after the 5 d acquisition tests. In this trial, the platform was removed from the tank, and the mice were allowed to swim freely. For these tests, time spent in the target quadrant within 90 s was recorded. The time spent in the target quadrant was taken to indicate the degree of memory consolidation that has taken place after learning. The time spent in the target quadrant was used as a measure of spatial memory. Behavior of the mice in the pool was recorded by a video camera positioned on the ceiling in the center of the testing room. The video camera was interfaced with the computerized video-tracking system (Shanghai Jiliang Software Technology Co., Shanghai), which permitted the offline analysis of multiple behavioral parameters.
Statistical Analysis
The data were expressed as mean±SEM. Statistical comparisons were performed by analysis of variance (ANOVA). If the ANOVA was significant, post hoc comparisons were conducted using Tukey's test. In all cases, p<0.05 was considered statistically significant.
Results
Free Radical-Scavenging Activities of L-NNNBP
We first examined the ability of L-NNNBP to scavenge the superoxide anion radical. Lucigenin chemiluminescence models derived from xanthine-xanthine oxidase reaction were also used to evaluate the free radical-scavenging activity of L-NNNBP. The areas under the curve were evaluated. As shown in Fig. 2A , the signals were quenched by adding curcumin, tempol or L-NNNBP in a dose-dependent manner. L-NNNBP showed more potent free-radical scavenging activities, which increased the chemiluminescence compared with curcumin and tempol at the same concentrations (Fig. 2B) .
Inhibition of Lipid Peroxidation in Rat Liver Microsomes by L-NNNBP
In the CHP-induced lipid peroxidation system, the extent of thiobarbituric acid reactive substances formation was significantly decreased in the presence of L-NNNBP (Fig. 3A) . L-NNNBP exhibited significant inhibition of lipid peroxidation, even at a concentration of 0.1 μM. Similarly, L-NNNBP inhibited the levels of F2-isoprostanes in a larger scale compared with the same concentrations of curcumin and tempol (Fig. 3B) . Thus, L-NNNBP showed a higher inhibiting rate on lipid peroxidation compared with curcumin and tempol.
Neuroprotective Effects of L-NNNBP on Aβ 1-42 -Induced Neurotoxicity
Cell viability was assessed via CCK-8 assays. Cell viability decreased upon Aβ 1-42 (1-10 μM) exposure in a concentration-and time-dependent manner (6-48 h) (Fig. 4A,  B) . Exposure to 5 μM Aβ 1-42 for 12 h resulted in approximately 60 % loss of cell viability, which was used in subsequent experiments. L-NNNBP, curcumin and tempol were pretreated 30 min before exposure to Aβ 1-42 and were co-existed with Aβ 1-42 for another 12 h. Then, the neurons were used for subsequent experiments. L-NNNBP attenuated Aβ 1-42 -induced cell death in a concentration-dependent manner. However, tempol (0.1-10 μM) did not exhibit any neuroprotective activity against Aβ 1-42 -induced toxicity (Fig. 4C) . Curcumin exhibited neuroprotection only at a high concentration (10 μM); however, this neuroprotection was inferior to that mediated by L-NNNBP at the same concentration (Fig. 4C) . Treatment with L-NNNBP alone did not affect the cell viability (Fig. 4D) .
To distinguish further the features of apoptotic versus necrotic cells, TUNEL staining was performed to identify the apoptotic neurons. Neurons undergoing apoptosis were 59.2 %±7.3 % after Aβ 1-42 exposure for 12 h (Fig. 5A, B) . Pretreatment of L-NNNBP (10 μM) significantly reduced apoptotic neurons to 22.7 %±2.6 %, and this anti-apoptotic activity was more significant than that mediated by the same concentrations of curcumin (42.9 %±3.1 %) and tempol (51.1 %±1.1 %) (Fig. 5B ).
L-NNNBP Treatment Reduced Active Caspase-3 Ratio
Procaspase-3 is an inactive form of cleaved caspase-3 and a major physiologic target of caspase-8 and caspase-9 [33] . Initiator caspase-8 directly activates procaspase-3 into active caspase-3, which causes Bcl-2 cleavage [34] . Thus, high active caspase-3 levels indicate high apoptotic activity. In this study, immunostaining indicated that Aβ 1-42 exposure induced a significant increase in cleaved caspase-3 expression (Fig. 6A) . L-NNNBP (10 μM) notably reversed the cleaved caspase-3 levels and was more potent compared with curcumin or .01 compared with curcumin+Aβ or tempol+Aβ . Values represent mean±SEM of 3 independent experiments, Cur0curcumin; Tem0 tempol tempol at the same concentrations (Fig. 6A) . Western blot analysis showed similar results to those obtained through the staining procedures performed in this study (Fig. 6B) .
L-NNNBP Inhibits Nitrosative Stress and Mitochondrial Damage by Aβ 1-42 Exposure
We next examined the ability of L-NNNBP to inhibit nitrosative stress in the neurons with Aβ 1-42 exposure. 3-NT levels were increased in the neurons after Aβ 1-42 exposure for 12 h. L-NNNBP attenuated Aβ 1-42 -induced 3-NT increase in a concentration-dependent manner. However, curcumin (10 μM) and tempol (0.1-10 μM) inhibited 3-NT levels only at higher concentrations (Fig. 7A) . Furthermore, the inhibition of 3-NT by curcumin and tempol was weaker compared with that mediated by L-NNNBP at the same concentration (Fig. 7A) .
Aβ exposure can cause mitochondrial dysfunction as evidenced by depolarization of mitochondrial membrane potential (Δψ m ) [35] . Aβ 1-42 treatment for 12 h significantly depolarized Δψm, suggesting damage to the inner mitochondrial membrane. L-NNNBP (0.1-10 μM) prevented the depolarization of Δψm caused by Aβ 1-42 treatment, and this action was stronger that those of curcumin and tempol at the same concentration (Fig. 7B) .
L-NNNBP Treatment Prevents Aβ Plaque Accumulation in APP/PS1 Mice
Curcumin decreased Aβ deposition in a transgenic AD mouse model [9] , whereas tempol (1 mM in drinking water for 6 weeks) rescued the cerebrovascular function of APP transgenic mice [36] . Moreover, we detected the activities of L-NNNBP in the AD model of APP/PS1 mice. Treatments (1 mM in drinking water for 1 month) were started when the mice were 6 months old and were continued for 1 month. There was significant Aβ plaque accumulation in the hippocampus and sensory cortex of the APP/PS1 mice at 7 months. Treatment with L-NNNBP and tempol markedly reduced Aβ plaque accumulation in the hippocampus and experiments. DAPI04′-6-diamidino-2-phenylindole somatosensory cortex, whereas curcumin reduced Aβ plaque acumulation in the hippocampus only (Fig. 8A-C) . Notably, treatment of L-NNNBP showed a higher ablity to prevent Aβ plaque accumulation (Fig. 8B, C ) and lipid peroxidation, as shown by the levels of F2-isoprostanes in the brain (Fig. 8D) compared with curcumin or tempol.
L-NNNBP Prevents Tau Phosphorylation
Tau, a substrate for several protein kinases, is phosphorylated at over 38 serine/threonine residues in AD. Hyperphosphorylated tau appears in the APP/PS1 mouse brain after the onset of Aβ deposition [37] . Given the beneficial role of L-NNNBP in APP processing and Aβ deposition, we attempted to determine a possible role of L-NNNBP treatment in tau hyperphosphorylation in APP/PS1 mice. Tau hyperphosphorylation was assessed by Western blot using antibodies against the phosphorylation sites on Thr205 and Ser235. As shown in Fig. 9 , enhancement of tau phosphorylation at Thr205 and Ser235 was observed in the hippocampus of the vehicle-treated APP/PS1 mice. By contrast, a marked decrease in Tau phosphorylation at Ser235 and Thr205 was observed in the L-NNNBP-treated APP/PS1 mice compared with the vehicle-treated mice (Fig. 9A) . L-NNNBP markedly decreased tau phosphorylation compared with curcumin or tempol (Fig. 9B, C) . No significant difference in the total Tau levels was noted between these groups (Fig. 9A) .
We next examined the ability of L-NNNBP to inhibit nitrosative stress in the hippocampus of APP/PS1 mice. Higher levels of 3-NT were observed in the hippocampus of the vehicle-treated APP/PS1 mice compared with the wild type mice. A marked decrease in 3-NT levels was observed in the L-NNNBP-treated APP/PS1 mice compared with the vehicle-treated mice (Fig. 9D) . However, curcumin treatment had no effect on the 3-NT levels in the APP/PS1 mice. Furthermore, the inhibition of 3-NT by L-NNNBP was more notable compared with that mediated by tempol at the same dosage (Fig. 9D) .
L-NNNBP Treatment Inhibits Activation of Astrocytes in APP/PS1 Mice
In the brains of AD patients and transgenic AD mouse models, the infiltration of activated astrocytes are seen in the area of Aβ plaques [38, 39] , which are characteristic components of an inflammatory process that develops around an injury in the brain. The activated astrocytes were visualized in brain sections stained with a GFAP antibody. A marked increase in reactive astrocytes was found in the somatosensory cortex of APP/PS1 mice compared with the wild type mice (Fig. 10A) . The changes in the astrocytic reactivity were also confirmed by Western blot analysis (Fig. 10B) . Treatment with L-NNNBP in APP/PS1 mice markedly inhibited the GFAP levels in the hippocampus. Quantitative analysis showed a 58.5 %±3.2 % decrease in GFAP expression in the L-NNNBP-treated APP/PS1 mice compared with that in the control APP/PS1 mice. The GFAP expression in the curcumin-or tempol-treated groups decreased by 17.6 %±2.8 % and 26.5 %±4.1 % , respectively, compared with the control APP/PS1 mice (Fig. 10B) .
L-NNNBP Treatment Rescues Deficits of Learning and Memory in APP/PS1 Mice
The APP/PS1 AD mouse model develops Aβ-associated cognitive deterioration with increasing age [20] . Consistently, our study demonstrated that the vehicle-treated APP/PS1 mice showed impaired acquisition of spatial learning, as assessed by the Morris water maze test (Fig. 11A) . These mice had impaired learning in using the available visuospatial cues to locate the submerged escape platform, as indicated by slower improvements in the escape latency across consecutive trials (Fig. 11B) . The L-NNNBP-treated APP/PS1 mice reached the platform, which resulted in significantly reduced escape latency across the trials compared with the control APP/ .05 compared with curcumin+Aβ or tempol+Aβ in the same concentration PS1 mice, and curcumin-and tempol-treated mice (Fig. 11B) . Furthermore, we confirmed that L-NNNBP treatment significantly promoted learning during the hidden platform trials and significantly improved memory retention (Fig. 11C) . L-NNNBP markedly improved the learning capability and memory of APP/PS1 mice compared with curcumin or tempol (Fig. 11B, C) . L-NNNBP treatment did not affect the swimming ability of the APP/PS1 mice, as reflected by the similar swimming speeds between the groups (data not shown).
Discussion
Nitroxide radicals are utilized as biophysical tools in electronic spin resonance spectroscopic studies and spin-label oximetry. Oxidative stress has an important function in AD pathogenesis [6, 40, 41] . However, several strategies have been studied to prevent and/or slow down ROS-mediated damage. These strategies have beneficial effects in cell culture and, partially, in animal models, but with few successes in human clinical trials. One reason for this phenomenon may be that treatments are started very early in AD pathogenesis in animals, whereas in humans AD pathogenesis may be advanced by the time of diagnosis. Another reason may be the distribution or metabolism of antioxidants, which limits their ability to neutralize free radicals in vivo. Compared with other antioxidants, NRs have incomparable advantages of scavenging radicals through a rapid catalytic manner. The structure of NIT group NRs makes them priority antixidants among the NRs [42] . Combined with a chiral structure, the newly synthesized L-NNNBP shows stronger and faster antioxidant effects in vitro and in vivo.
Several free radical-generating models were used to evaluate the free radical-scavenging activity of L-NNNBP. Compared with other antioxidants, such as curcumin or tempol, L-NNNBP showed more notable free radical-scavenging activities at the same concentrations. The membrane lipids are particularly susceptible to oxidation owing to their high concentration of polyunsaturated fatty acids and their association with the enzymatic and non-enzymatic systems in the cell membrane, which generate free radical species [43] . The antioxidants were tested for their antioxidant activities by measuring their abilities to inhibit CHP-induced lipid peroxidation in rat liver microsomes. The results of CHP-induced lipid peroxidation in rat liver microsomes also indicated that L-NNNBP exhibited a stronger antioxidant potential than curcumin or tempol did at the same concentrations.
Aβ and Aβ 1-42 constitute the majority of Aβ found in human brain; they also participate in AD development and progression [44] . Aβ is the more toxic of these species, both in vitro and in vivo. Some studies suggest that small Aβ oligomers are the actual toxic species of this peptide, rather than Aβ fibrils [45] . Formation of abnormal Aβ aggregates can lead to a series of complex pathogenic cascades that include disturbed cell signaling, mitochondrial dysfunction, and excitotoxicity [46] . Several of these pathogenic processes can produce free radical stress [47] , which, in turn, can promote further Aβ aggregation, thereby potentially propagating pathogenic cascade from the reversible loss of synapses to neuronal death [48] . Using the cultured cortical neurons system, we demonstrated that pretreatment with L-NNNBP could significantly attenuate Aβ 1-42 -induced cell viability loss. The L-NNNBP neuroprotection was partly owing to its antiapoptotic activities. In present study, the actions of L-NNNBP on TUNEL and caspase analysis are more obvious than that on the cell viability. The reason may be that apoptosis is the early event compared to cell death. Thus, the actions of L-NNNBP on the apoptotic proteins are more notable than the actions on the cell number quantification for the cell viability.
The activities of L-NNNBP were accessed in an Alzheimer's disease transgenic mouse model. There are many kinds of AD mutant mice. In general, oxidative damage is greater in mice with a single APP or PS1 mutation than in wild-type mice, and higher still in doubly transgenic mice expressing the combination of a mutant APP and mutant PS1 (APP/PS1) [49] . Therefore, using an APP/PS1 mouse model can better evaluate the effect of these antioxidant drugs. Curcumin decreased the levels of insoluble and soluble amyloid, and plaque burden by continuously feeding Tg2576 mice with a 160-ppm dose of curcumin for 6 months [9] . Tempol reduced Aβ plaque deposition and attenuated astroglial activation in APP mice after 6 weeks of treatment (1 mM in drinking water) [36] . In the present study, L-NNNBP treatment inhibited Aβ plaque accumulation and tau hyperphosphorylation in the APP/ PS1 double-transgenic mice in as little as 4 weeks. This phenomenon led to the inhibition of astroglial activation, which is an important mediator in AD development [50] , and in the improvement of spatial learning and memory.
Although the mechanism of Aβ plaque-induced neurotoxicity remains unclear, oxidative stress is a crucial factor in AD research [51] . Aβ 1-42 has a critical methionine residue at position 35. This Met35 residue is critical for Aβ 1-42 toxicity and oxidative stress [52] . The Met35 residue leads to the production of a sulfuranyl radical that can initiate free radical chain reactions with allylic H atoms on unsaturated acyl chains of lipids until a termination step is reached. Sulfuranyl radicals react with molecular oxygen to produce sulfoxide and superoxide [53] . Further, the sulfur-centered radical cation of Met35 gives rise to a hydrophobic environment that is ideal for lipid peroxidation in the lipid bilayer [54] . Therefore, antioxidation is an early and crucial step in the progression of Aβ 1-42 -mediated lipid peroxidation. In our study, at the beginning of the appearance of the Aβ plaques, the APP/PS1 mice were treated continuously with L-NNNBP for 1 month. The findings indicate that L-NNNBP can prevent the Aβ deposition in a transgenic AD mouse.
NIT group NRs with more extensive distribution of the unpaired spin density are more suitable for structure modification. Introduction of chirality into NRs leads to structural diversity and uniqueness in their condensed phases owing to the relatively large electric dipole moment of the nitroxyl group and the magnetic moment arising from the unpaired electron [42] . When the chiral center is as close as possible to the oxyl group, which carries most of the unpaired spin, it can change the properties. L-NNNBP meets these requirements; it has a stable NIT group and a chiral center close to oxyl group. Therefore, L-NNNBP shows potent antioxidant actions probably owing to its special structure.
In conclusion, the newly synthesized L-NNNBP shows stronger and faster antioxidant effects in vitro and in vivo when the structure combines with a chiral structure. L-NNNBP acted as an antioxidant by quenching ROS, inhibiting lipid peroxidation, nitrosative stress, and stimulating cellular antioxidant defenses. These antioxidative activities of L-NNNBP are further proved by prevention of the neurotoxicity by Aβ 1-42 exposure and the memory deficit in the AD model of APP/PS1 transgenic mice. Aβ deposition and early cognitive impairment are preceded by mitochondrial dysfunction [55] . L-NNNBP prevented the depolarization of Δψm caused by Aβ 1-42 treatment, suggesting that the beneficial activities of L-NNNBP are associated with prevention of the mitochondrial dysfunction. This study provides evidence that L-NNNBP, as a new chiral NR, is an effective candidate to prevent AD development. The free radical-scavenging property of potential nitroxide radicals makes the application of this kind of compound promising, although clinical trials on chiral NRs for AD prevention are not yet highly developed. The ultimate goals are to find a stronger ROS scavenger that is brain permeable and to develop a new kind of probe to be used in early diagnosis of AD. 01C, 2012BAK25B00, and 2011KTCL03-12. The authors state that no competing financial or other conflicts of interests exist.
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